Abstract. The thermoplastic composites have widely regarded as high property structural materials for aerospace field for the excellent advantages, which were usually procured based on the moulding process under the high processing temperature and cooling rate. The thermo-residual stresses of the composites will be produced for the mismatch in thermal expansion coefficients between the fiber and matrix, as well as the anisotropy property of the adjacent layers of the plate and temperature gradient of the laminates structures having a certain thickness. The thermo-residual stresses play an important role on the mechanical properties of the obtained thermoplastic composites, which should be taken into consideration in the designing process. It will good to study the formation mechanism and the effects of thermo-residual stresses on the mechanical properties of thermoplastic composites to better utility and control its residual stress level. In present paper, the formation reasons of the thermo-residual stresses were firstly studies and analyzed from three different levels, the methods for controlling and decreasing the thermo-residual stresses were also discussed. In addition, the effects of the residual stresses on the thermoplastic composites properties were also studied from the aspects of dominating by the reinforcement and the polymer matrix.
Introduction
Fiber reinforced thermoplastic composites have been widely used in the aerospace for the high toughness, long storage period, and short molding cycle, which was regarded as the promising advanced aeronautical structure materials [1, 2] . The mechanical properties of the thermoplastic composites will be influenced by the crystallinity of the polymer matrix, which will be affected by the thermo-residual stresses in the obtained composites. Thermo-residual stresses may be formed during the processes of the thermoplastic composites when they were cooling down from the high process temperature to the service temperature for the mismatch of the thermal expansion coefficient between fiber and polymer matrix, as well as the anisotropy property of the adjacent layers of the laminates and the possible temperature gradient distribution of the studied laminates, which must be taken into consideration during the designing process of the composite components [3] .
The there is the hot research topic about the thermo-residual stresses for the widely appilication. In present study, the formation causes and the development of thermo-residual stresses was firstly introduced from three different levels, in which the method of controlling and decreasing the residual stresses was also discussed. In addition, the effects of the thermo-residual stresses on the obtained thermoplastic composites were followed studied as well.
Favre tested the residual stresses of the composites during the producing process with the same method; moreover, the effects of temperature and time on residual stresses were also studied in their experiments [5] . The diagram of the formation of thermo-residual stresses between the fiber and polymer matrix in the cooling down process is shown in the Fig. 1 , which can see that there is good match between each other at the high process temperature for the thermo-residual can be released in this stage. However, the mismatch of the deformation will be occured as they endure the high cooling rate to the service temperature, therefore the thermo-residual stress will be 'fixed' into the final composites. The formation causes of the thermo-residual stresses can be divided into three different levels, i.e. constituent materials level, laminate plates level and structure parts level, the specific classification of thermo-residual stresses is given in table 1. Fig. 1 Diagram of the interaction between the fiber and matrix of the thermoplastic composites Table 1 Classification of three level of the thermo-residual stresses of the thermoplastic composites Classification levels Interaction mechanism of the thermo-residual stresses
Constitute materials
Deformation mismatch of the reinforcement fiber and polymer matrix in the cooling process, the matrix and fiber of the obtained composites will be applied by the stretch and compression action, respectively.
Laminate plates
Mismatch of the thermal expansion coefficient of the adjacent layer along the radial and transverse direction of the thermoplastic composites, as well as the transverse crystalline effect Structure parts Temperature gradient formed during the cooling process as the thermoplastic composites having a certain thickness
Constituents level thermo-residual stresses
Influence of the fiber on the thermo-residual stresses. In the aerosplace field, the mostly widely used reinforment material is carbon fiber yarn and its fabric, the difference in the thermal expansion coefficient of the fiber along and vertical will cause the thermo-residual stresses during the cooling process and then lead to the fiber deformation [6] . However, the deformation caused by the fiber is much smaller than that caused by the polymer matrix due to the thermal expansion coefficient of the fiber is much smaller than the polymer matrix deformation in the whole process of thermoplastic composite materials according to the previous studies, which plays the tiny influence on the thermo-residual stresses in the thermoplastic composites caused by the fiber deformation and can be neglected.
Influence of the matrix on the thermo-residual stresses. The thermoplastic matrix presents the viscoelastic properties in the cooling process from the high temperature to the service temperature, in which the thermo-residual stresses will be released for the molecular chain has enough energy. As the temperature continue to reduce, the matrix has the thermal elasticity properties during this stage and the thermo-residual stresses at this stage would be 'fixed' in the composites. The cooling rate has the important role on the residual stresses; higher cooling rate will be lower the crystallinity levels [8] .
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Moreover a higher cooling rate will also compromise relaxation behavior of matrix, and these two causes were competed and interaction on the residual stresses of the thermoplastic composites. Plate level thermo-residual stresses. In the plate level of the thermo-residual stresses, the influence factors for the constituent materials level will be continue to action in this level; however, the effect of the layup pattern on the thermo-residual stresses during the molding process was major concerned, including the angle-ply, fiber fabric structure and the crystallinity of the polymer matrix. The residual stresses increases with the increasing of the difference between the stress-free temperature (SFT) and service temperature. The SFT can be obtained by heating the obtained thermoplastic composites until the deformation equals zero [9] . The thermo-residual stresses of the thermoplastic composites caused by the temperature gradient of the plate will accumulate. Structural level thermo-residual stresses. The thermo-residual stresses will be produced when the thickness of the thermoplasric composites having a certain thickness, and it is affected by the cooling process. The residual stresses in the thermoplastic composites maight be different from each other during the cooling process, although with the same crystallinity degree at the start of cooling stage. Annealing method of the composites can be used to relax the thermo-residual stresses and lower the residual stresses gradient, which can improve the crystallinity level of the thermoplastic composites; but it will be significant increase the process time, resulting in an increase in manufacturing costs.
The properties of the mould materials used for the thermoplastic composite also have the important influence on the thermo-residual stresses, which were mainly action from the aspects of thermal and mechanical interaction [10] . The thermal interaction has an important effect on the formation and distribution of global thermo-residual stresses, which is determined by the mould materials properties and the cooling rate on the top and bottom surfaces of the thermoplastic composite. The mechanical interaction is produced by the mismatch of the thermal expansion coefficient between the tool and composite part. It will cause the compressive thermo-residual stresses in the surface plies of the parts near the tool interface and present a through-thickness stress distribution.
Effects of the thermo-residual stresses on the thermoplastic composites performances
The thermo-residual stresses of the thermoplastic composites produced during the molding process have the important influence on the thermoplastic composites mechanical properties, which will be formed for the thermal expansion coefficient mismatch, layer anisotropy, the interaction between the mold and matrix and cooling rate [11] . The new formed thermo-residual stresses will be compromised the mechanical properties, damage resistance and dimensional stability of the thermoplastic composites. The residual stresses in thermoplastic composites have received widely concerned, in the follows , the effects of which on the mechanical properties of the thermoplastic composites dominated by the fiber and the matrix will be respectively discussed in detailed. Effects of the thermo-residual stresses on the matrix-dominated properties. The presence of the thermo-residual stresses of the thermoplastic composites will cause the matrix materials under the stretched loading condition, the size of which will be influenced by the fiber volume fraction of the composites. The mechanical properties dominated by the polymer matrix will be severely affected by the thermo-residual stresses, such as moisture absorption property [12] . The compressive residual stresses have the effect of increasing the glass transition temperature; however, the interaction of shear and tensile decrease this effect. The use temperature upper limit of the thermoplastic composites can be improved through designing the layup of the composites to ensure the parts under a needed load cases. D'Amore et al. studied the relationship between the glass transition temperature (T g ) of the carbon fiber reinforced polyetherimide (PEI) and the pure PEI by using the DSC method, the results show that the modified PEI has a lower T g than that of the pure PEI materials [13] .
The thermo-residual stresses of the thermoplastic composites will decrease as the temperature difference increase between the test temperature and stress-free temerature with a linear relationship. The deformation of the thermoplastic composites can be reduced when the parts placed in the service temperature due to the stress relaxation effect of the polymer matrix caused by the loading action, environmental temperature and humidity, which will all affect the thermo-residual stress level and the final mechanical properties of the composite structures.
The aging effect of matrix material can affect the properties of the thermoplastic composites, the polymer matrix will has the glass properties as the environmental temperature lower than its glass transition temperature, the thermodynamic equilibrium state will change as the change of the elastic modulus of the composites caused the aging effects [14] . The elastic modulus and yield strength of the composite were improved, and the toughness was significantly reduced, which will affect the release of thermo-residual stress. In the oxygen-rich case, the brittleness of the polymer matrix caused by the aging effect will become much seriously than the anaerobic case, and the mechanical properties of which have significantly reduce with the same change trend. Effects of the interface properties of the fiber and polymer matrix. Unlike with the thermoset composite materials, the bonding interaction between the fiber and the matrix of the thermoplastic composites was the Van der Waals force. The interface shear strength of the obtained composites can be greatly affected by the thermo-residual stresses, which will lead to the debonding damage along the fiber axial and compromise its final mechanical properties [15] .
Based on the previous studies, the mechanical properties of the fiber are not serious influenced by the presence of the thermo-residual stresses, however, which will cause the compressive force on the fiber reinforcement and leads to the fiber breakage. Effects of the thermo-residual stresses on the laminate mechanical properties. For the unidirectional thermoplastic composites, the fiber presents a higher tensile failure strain for the compressive force caused by the thermo-residual stresses, which will also affect the lateral performance of the obtained composites. When the composites are stretched along the fiber axial direction, the strain of the fiber under the compressive interaction present a larger strain compared with the fiber without any force [16] . The tensile strength of the laminate is lower than the unidirectional transverse tensile strength as there are the thermo-residual stresses in the laminates caused by the thermal contraction along the thickness direction.
The compressive performance of the laminate will striking decrease as there are thermo-residual stresses in the parts, what is more important is that the thermo-residual stresses play an important effect on the transverse compressive property as the fiber waviness effect due to the stresses. In the compressive tests, the failure strain of the laminates with thermo-residual stresses decreases, moreover the tensile and compressive modulus are different from each other. The stiffness and interfacial performance of the laminates may be degraded as the presence of the discontinuous of the interlayers caused by the thermo-residual stresses.
The fracture toughness of the composites plays a important role in resistance the crack propagation, which can also affect by the themro-residual stresses for the failure mode I (delamination) and II (layer stratification). The residual stress will significantly reduce the fracture toughness of the composites, especially it can lead to the strikely decrease of the strength of the mode I [17] . Moreover, The thermo-residual stress can seriously affect the fatigue performance of the laminates as leading to the free edge delamination.
The possible defects casused by the thermo-residual stresses
The reason of the decrease of the mechanical properties caused by the thermo-residual stresses was that the defects maight be formed during the molding process. The follows parts of present study will detailed discuss the effect of the thermo-residual stresses on the aspects of properties of the fiber and the matrix, as well as the interface performance of the fiber and matrix. The effects of the thermo-residual stresses on the fiber. Unlike with the thermoset composite materials, the bonding interaction between the fiber and the matrix of the thermoplastic composites was the Van der Waals force [18] . The interface shear strength of the obtained composites can be greatly affected by the thermo-residual stresses, which lead to the debonding damage along the fiber axial and compromise its final mechanical properties.
The effects of the thermo-residual stresses on the fiber and matrix interface properties. The thermo-residual stresses can cause the defects of micro-cracks in the fiber-matrix interface. The crack or delamination will be formed as the thermo-residual stresses was stronger than the interfacial strength, and the residual stresses will release in the matrix as the form of expansion of micro-crack. In the service process, the crack tip will firstly up to yield strength and form a transverse crack which leads to the loss of bearing capacity. The crack density will greatly increase as the thermoplastic composites were endured the thermal cycling, heat treatment, aging and temperature conditions, which will obviously decrease the compressive performance of the obtained composites [19] . Figure 2 shows the typical transverse crack of the surface layer of the carbon fiber/PEI, which seriously reduced the final mechanical properties of the thermoplastic composites. 
Conclusions
In present manuscript, the thermo-residual stresses of the thermoplastic composites were discussed and analyzed based on the published publications from three different levels, which were formed by the thermal expansion coefficient of the fiber and polymer matrix, the interaction between the adjacent layers and the temperature uneven distribution of the thermoplastic composites. Moreover, the effects of the residual stresses on the thermoplastic composites were also studied and the methods to control and reduce it was discussed as well, which can be used as the guidance in designing the qualified thermoplastic composites.
